Direct numerical simulations (DNS) were used to investigate the effect of frequency bandwidth on the laminar-turbulent transition of wavepackets evolving in a Blasius boundary layer under a total of 18 different combinations of wavepacket frequency, amplitude and bandwidth. Extensive comparisons with linear stability theory (LST) were also performed with a program written to automatically calculate the spatial amplification of an ensemble of modes in a wavepacket, enabling the linear and nonlinear aspects of the wavepacket development to be clearly distinguished. Input disturbances that are wide in terms of frequency bandwidth encouraged N-type (Novosibirsk) transition, while narrow-bandwidth disturbances favoured K-type (Klebanoff) transition. However, the initial amplitude and frequency composition of the wavepacket also play an important role in the transition process, with higher-amplitude initial disturbances leading to an increased number of K-type transition events, while frequency compositions that are dominated by linearly damped or slow-growing modes are more likely to transition via the N-route. Moreover, there is a certain preferred frequency of the wavepacket, corresponding to the lower branch point on the neutral stability curve at the disturbance source. The transition process appeared to be most sensitive to changes in bandwidth when the wavepacket is dominated by its preferred frequency.
Extended Abstract

Background
A Blasius boundary layer is known to transition to turbulence through several mechanisms. This work focuses on the transition via two paths, known as the K (Klebanoff) and N (Novosibirsk) regimes, as classified by Boiko et al.. 1 Both regimes begin with small-amplitude disturbances in the boundary layer, that grow and develop into Λ-structures. In the K-regime, these Λ-structures are aligned with each other in the streamwise direction, and propagate downstream one after the other, along fixed lines. The aligned configuration of these structures allows them to connect to each other, giving rise to long vortical streaks known as Klebanoff modes.
2 N-regime transitions have these Λ-structures in a staggered configuration, where each row of structures appears to be offset in the spanwise direction from the rows in front of and behind it, and have been investigated thoroughly. 3 N-transition is also found in the work of Herbert, 4 hence N-type transition is also known as H-type in some publications. The focus of this present investigation is to shed more light on when a flow might transition via the K-regime, and when it would prefer the N-regime. For individual waves of well-defined frequency, wavenumber and amplitude, much is already known about its transition route. For example, it is known that higher-amplitude waves are more likely to transition via the K-route. 1 Systems of three waves interacting with each other are also well-researched. 5, 6 The challenge now is perhaps to integrate these results into a more robust framework that is better able to predict transition under the vagaries and complexities of real-world conditions. To that end, wavepackets have presented a fruitful area of investigation. 7, 8, 9 Such flow disturbances are characterized by their limited spatial extent, which causes them to occupy a large Fourier space by the same mathematical mechanism as the uncertainty principle in quantum mechanics. 10 Occupying a large Fourier space implies that the wavepackets consist of a continuum of modes, of different frequency and wavenumber. This observation leads us to explore the feasibility of using an additional parameter to characterize the frequency distribution of the wavepacketthe bandwidth.
Inspiration for the use of bandwidth came from the theoretical analysis of Craik, 11 which in turn was meant to explain the experimental results of Medeiros and Gaster. 12, 13 Their experiments showed that if a boundary layer flow were perturbed with a small wavepacket, whose dominant component is a two-dimensional (2D) fundamental (Tollmien-Schlichting, TS) wave, an oblique (3D) wave at about half the frequency of the fundamental would develop. This wave is known as the subharmonic, and its strength is a key spectral signature of impending N-regime transition. Craik 11 proposed a model in which the formation of the subharmonic mode requires the initial wavepacket to have a sufficiently broad bandwidth such that its frequency range is greater than or equal to the subharmonic frequency, and its range of wavenumbers is as great as the wavenumber of the subharmonic mode. In other words, wide bandwidth wavepackets are needed for N-type transition. The predictions of this theoretical analysis were supported by subsequent experiments 14 in which the bandwidth of the wavepacket was controlled by spatial modulation of its envelope. Indeed, it was found that wide bandwidth wavepackets experienced rapid subharmonic mode growth, and laminar-turbulent transition via the N-regime. However, if a narrow bandwidth wavepacket were used, transition was observed to take the K-regime, with the formation of streaky structures reminiscent of Klebanoff modes.
Contributions of the present study
The DNS simulations investigated 18 combinations of wavepacket frequency, amplitude and bandwidth, to elucidate the complex interplay among these factors that determines the transition path of the wavepacket. Most of the wavepackets break down to incipient turbulence within the domain, and this enabled us to have a fuller understanding of the laminar-turbulent transition process. Besides good qualitative agreement with the experimental results of Medeiros 14 and theoretical predictions of Craik, 11 the basic setup of this work was designed to closely mimic the experimental setup of Cohen's 1991 paper, 9 and good quantitative agreement was achieved, as previously reported. 15, 16 We then built on this foundation by making changes to the amplitude, frequency and bandwidth of the initial disturbance to perform our subsequent investigations. The findings are summarized in Table 1 . Moreover, our investigations leverage the ease of data collection from simulations to create graphics that clearly track the spatial development of the entire continuum of modes found in the wavepacket. Linear stability theory (LST) was also applied to predict the downstream evolution of the wavepacket. This was achieved by representing the wavepacket as an ensemble of modes of different frequency and wavenumber. The spatial amplification of each mode is calculated using classical methods 17 and the results are compared with DNS to build a picture of the overall wavepackets' development, in which the linear and nonlinear phenomena are clearly distinguished from each other. Excellent agreement between LST and DNS is found for the early stages of the wavepacket development. Of course, the agreement diminishes at later stages which are dominated by nonlinear phenomena.
One significant common result from the LST and DNS computations was the existence of a preferred wavepacket frequency. Wavepackets that were initially dominated by modes of higher frequencies displayed a tendency to shift their dominant frequency towards the preferred frequency, which corresponds to the frequency of the lower branch of the neutral stability curve at the disturbance source. This preference was only overridden by increasing the amplitude of the dominant frequency, or decreasing the wavepacket bandwidth.
Several interesting observations also surfaced during the course of these simulations. For instance, the use of a logarithmic scale in plotting spectral data allowed features to come to light across many orders of magnitude. We attempt to explain some of these new findings by broadening our considerations beyond the traditional low-order terms in nonlinear analysis to consider the wider system of higher-order modes, such as the higher harmonics of the primary spectrum. Doing so enables a more complete picture of wavepacket evolution to come into focus. Table 1 . Summary of the transition type for each case. K denotes K-ype transition with streaky structures (Klebanoff modes), while N denotes subharmonic transition. Cases marked as K→N represent a wavepacket that formed K-modes first, but they were later overshadowed in amplitude by the subharmonic mode, leading to final breakdown via a triad resonance and N-type transition. The superscript T indicates the transition type is for the transient front of the wavetrain only, while superscript R means that the main body of the wavetrain breaks down in the indicated manner. The * symbol indicates no breakdown to turbulence within the domain. 
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